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Abstract 
A capacitive soot sensor was built up on basis of a known resistive device by covering the electrode area with a thin but dense 
alumina layer manufactured by the aerosol-deposition-method (ADM). Deposited soot cannot short-circuit the electrodes but 
leads to an increasing capacitance of the sensor. Experiments were conducted in real exhaust. Increasing soot concentrations lead 
to a more fast and sharp increase of the capacitance and the blind time of the sensor decreased to almost zero. The performance 
of such sensors could be enhanced when a voltage is applied at the electrodes during soot collection. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015. 
Keywords: Aerosol-deposition-method (ADM); interdigital electrodes; real exhaust test; dosimeter-type sensor; on-board diagnostics (OBD) 
1. Motivation 
To meet the stringent emission limits for particulate matter (PM) in automotive exhausts, ceramic wall-flow 
filters are in serial use for diesel-fueled vehicles (Diesel Particulate Filter, DPF). Trapped soot has to be burned off 
from time to time to avoid clogging, but filter regeneration at high exhaust gas temperatures is fuel consuming and 
should be carried out only when necessary. Therefore, appropriate techniques for an efficient operation are needed 
[1]. As state-of-the-art, the filter loading is estimated from a differential pressure sensor signal going along with 
model data to start regeneration of the filter. The efficiency of such aftertreatment systems depend on the accuracy of 
the information about the real filter loading [2]. A more precise insight into the filter loading state may also be 
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possible by direct in-situ microwave-based methods [3,4,5]. Furthermore, it is required to monitor the correct 
functionality of all emission-relevant parts of the exhaust gas aftertreatment system during operation. For this so-
called on-board diagnostics (OBD), soot sensors are applied downstream of a DPF. In most applications, resistive 
(also called “conductometric”) sensors are in use. When soot deposits on its electrode structure (where a voltage is 
applied), conductive paths are formed, leading to a current increase. Evaluation of the time until this threshold is 
reached (blind time) gives a measure on the amount of soot in the gas flow and indicates a filter failure [6,7,8,9,10]. 
In former studies, we showed that an application upstream of a DPF could basically enable soot mass detection 
[11]. Here, we evaluated the slope of the current increase for each loading cycle as the sensor signal. In general, 
increasing the sensors sensitivity is of high interest, especially the reduction of the sensors blind time. One 
possibility on that topic is described in [12]. By covering the electrodes with a thin conductive layer, the initiation 
time for detecting soot was reduced by about 40 % compared to an uncoated sensor. Another approach for selectivity 
enhancement is given in [13]. Here, additional electrodes are operated at higher voltage for soot collection. A special 
sensor design including a cavity enables measurements of low soot concentrations by the capacitive principle. In 
comparison to the resistive principle a smaller temperature dependency is expected. 
In the present contribution, we evaluated the potential of a planar capacitive soot sensor. It bases on a formerly 
used resistive sensor by covering the electrodes with a thin alumina layer, which was deposited by the novel room 
temperature impact consolidation process (RTIC), also known as aerosol deposition method (ADM).  
2. Experimental 
Basic sensor devices were manufactured as follows: Pt-IDE electrodes (line = space = 100 μm) were screen-
printed on the front side of an alumina substrate, comprising a thick-film heater (also Pt, LPA88-S, Heraeus) on the 
reverse side. Electrical feed lines are covered by glass-ceramic dielectrics (QM42, DuPont). Normally, i.e. for 
resistive measurements, the electrode area would remain uncovered. To obtain a capacitive signal, the electrodes 
were insulated from each other to avoid an electrical short-circuit by soot deposition. The insulation must be high-
temperature stable, dense and preferably thin. For that purpose, we applied an aerosol-deposited film (Fig. 1). By 
this novel method, dense ceramic layers can be deposited directly from the ceramic powder onto nearly any kind of 
substrate material in a totally cold process, i.e. without a sintering step [14,15]. 
 
Fig. 1. (a) Sketch of the capacitive sensor setup with alumina cover layer on top of the IDE electrodes; (b) Schematic cross-section of the sensor 
setup for the capacitive sensor principle (soot deposition on the sensor surface should lead to an increasing capacitance due to the change in the 
electrical field distribution); (c) Photograph of the real sensor (top view) in the IDE area. 
In comparison to a resistive device where soot particles have to percolate between the electrodes before a current 
signal occurs, the blind time should decrease for a capacitive device. Deposited soot should change the electrical 
field distribution even before the percolation threshold is reached (Fig. 1b). Even non-percolating (low) soot 
amounts should contribute to the capacitance increase.  
All measurements were conducted in real exhaust. The sensor was mounted (with its front side facing the gas 
flow) in the exhaust pipe of a 2.1 l diesel engine that was operated at 25 % load / 1000 rpm. Different soot 
concentrations in the exhaust were achieved by changing the boost pressure at a constant injection pressure of 
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550 bar. Capacitance measurements were done by an LCR-Meter (HP 4284A) at a constant frequency of 10 kHz in 
the R||C mode, i.e. the measured impedance is interpreted as an equivalent circuit model with R and C in parallel. 
After a certain time span for soot loading, the sensor was regenerated by adjusting the reverse side heater 
temperature to 600 °C, to burn off the deposited soot. After switching off the heater, a new cycle started. 
3. Results and Discussion 
In a first experiment, sensor data were taken continuously during engine operation. By decreasing the boost 
pressure, associated changes in some engine parameters occurred. So, the exhaust gas temperature increased slightly 
and the exhaust mass flow decreased a little. The air-fuel ratio O decreased therefore, going along with a strong 
increase in particle mass and number values, which were recorded by a Pegasor sensor over time (Table 1).  
        Table 1. Average values of engine parameters and soot concentrations for different operating points 
Boost pressure Exhaust mass flow Gas temperature Particle mass  Particle number O 
1.22 bar (OP1) 80 kg/h 271 °C 9 mg/m3 34.2 x 106 /m3 1.38 
1.17 bar (OP2) 78.5 kg/h 294 °C 22 mg/m3 84.8 x 106 /m3 1.32 
1.12 bar (OP3) 74.5 kg/h 313 °C 39 mg/m3 152.4 x 106 /m3 1.25 
 
Regarding the sensor signal (Fig. 3), one can observe the expected increase of capacitance during soot loading. 
The slope of the capacitance change increases with higher soot concentrations. In each cycle, the capacitance 
saturates at about 40 to 50 pF (which is an increase by a factor of 3 to 4 compared to the unloaded value). This final 
value is slightly affected by the soot concentration and might be explained by temperature effects. After each 
loading cycle, a sensor regeneration was initiated. The sensor behavior during that heating phase should be handled 
with care because the R||C-model for data evaluation does not fit anymore as the alumina substrate as well as the 
cover layer gets electrically conductive [16]. One could see soot oxidation in the first seconds when the sensor 
signal jumps up and then decreases again. Oxidation is finished when the sensor signal reaches a constant value of 
about 20 pF. This behavior is known from resistive type sensors [7] and follows the dosimeter principle [17]. After 
switching off the heater, the sensor cools down to exhaust gas temperature and its signal comes back to the constant 
capacitance of about 11 pF which is measured during the blind phase after each regeneration procedure. This time 
span until a signal change occurs is significantly reduced with increasing soot.  
 
Fig. 3. Measurement of a capacitive sensor in real exhaust; the amount of soot increases by changing the boost pressure from 1.22 bar (OP1) to 
1.17 bar (OP2) and 1.12 bar (OP3); detailed information in table 1 
A further enhancement in the sensors sensitivity or a reduced blind time (i.e. a “faster” performance to measure 
lower soot concentrations) could be possible by electrophoretic soot collection. In a second experiment (during 
engine operation near to OP2), we applied a voltage of 34.5 V (dc) for a certain time, measured the sensors 
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capacitance, regenerated the sensor, and applied the voltage again for another time. Table 2 shows that the sensor 
response (increasing capacitance) starts significantly earlier with applied voltage during soot collection compared to 
the data measured without voltage at the electrodes. 
        Table 2. Sensor capacitance C after soot loading for different time spans with or without applied voltage  
 0 s 60 s  90 s  120 s  180 s 
voltage of 34.5 V (dc) applied 11.4 pF 19.2 pF 26.2 pF 41.7 pF 42.9 pF 
without voltage 10.8 pF 10.8 pF 11.0 pF 11.5 pF  22.4 pF 
4. Conclusion and Outlook 
To form a capacitive soot sensor, the electrode area of a resistive soot sensor was covered with a thin but dense 
alumina layer utilizing the novel aerosol-deposition method. During soot deposition on the surface, the sensor 
capacitance increases. The higher the soot concentration, the lower is the blind time of the sensor and the higher is 
the slope of the capacitance increase. A further reduction of the sensor blind time is achieved by an applied voltage 
that effects electrophoretic soot collection.  
Even better results can be expected by an improved setup with reduced width of lines and spaces of the electrode 
structure to achieve more finger pairs in that area. A thinner alumina layer would increase the sensor effect as well. 
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